Novel eddy current speed sensor with axisymmetric coils and solid iron rod as moving part is presented. The analysis is performed for both dc and ac coil currents and for variable iron rod translational speed. The coil inductance and induced voltage results using the analytical method and finite-element method calculation are compared with the measured values. Two different coil configurations are used for simulations and measurement.
I. INTRODUCTION
T HE speed sensors are used for rotating and translational objects in many applications. Different types of sensors such as a non-magnetic optical sensor or variable reluctance, eddy current based and Hall effect magnetic sensors could be utilized for speed sensing. Magnetic sensor principles are based on magnetic properties of sensing material or change of parameters of the magnetic circuit [1] . Magnetic sensors are more reliable and robust to dust and dirt, which is a common problem in many applications. Magnetic sensors could have moving or stationary permanent magnet or electric circuit as a magnetic source. They are contactless and have high possibility to be implemented in dirty and high-temperature environment [2] . Contactless translational speed and position sensors are required for the pneumatic and hydraulic cylinders, flat-type or tubular linear motors and actuators and generators for free piston engine and other industrial applications [3] , [4] . Available contactless magnetic sensors require non-smooth moving metallic part or permanent magnets for excitation. Another disadvantage of the existing solution is a strong dependence on the distance. Speed probe based on eddy currents in the metallic body moving in the field of permanent magnet was using a Hall sensor, which has poor offset stability [5] . Using speed effects on the induced eddy currents of permanent magnet fields in the moving part was also studied in [6] for metal part defect detection. Speed sensor based on linear variable differential transformer operation with ferrite yoke is presented in [7] , which was presented for flat-type moving part. A speed sensor based on the high sensitivity of an amorphous core with ring shape mounted on solid iron E shape core for magnetic field excitation was shown in [8] , which has the disadvantage of the necessity of using amorphous core with zero-magnetostriction and sharp rectangular B-H curve.
Our solution for linear speed measurement is based on a single coil and coil pair with dc and ac excitations. We present fast and precise analytical method to calculate coil inductance and induced voltages in the pickup coils taking into account eddy currents in the iron rod caused by alternating current and iron rod speed for an axisymmetric model. Finite-element method (FEM) simulations and experimental results are also presented. Fig. 1 ) and two antiserially connected pickup coils for measurement (numbers 1 and 3). The second configuration, model B has one pickup coil (number 2) and two excitation coils (numbers 1 and 3), which are antiserially connected. The speed of moving iron rod is in the axial direction. Parameters L, r i , r c , d, w, and h are the axial length of the iron rod, the outer radius of the iron rod, the inner radius of coils, coils distance, coils thickness, and coils height, respectively.
Solid iron is used for moving the iron rod. Initial relative magnetic permeability is only considered for magnetic analysis because of low magnetic fields, which is estimated to be about 77.5 [9] . The electrical conductivity of solid iron rod is 4.45 MS/m at room temperature.
III. ANALYTICAL MODELING
The Maxwell equations are used to compute speed sensor performance [10] . Final differential equations in cylindrical 
where μ and σ are the magnetic permeability and the electrical conductivity, respectively. The induced eddy current in the iron rod with the electrical conductivity, σ i due to the iron rod speed, V must be considered in the equations
The computational model is divided into four parts. Parts 1-4 are iron rod region, air region between the iron rod and coils, coils region, and air region beyond coils, respectively,
where J s is the source current density in the coils. The method of separation of variables (method of Fourier) is used to solve (3)-(5) [10] .
They are assumed that magnetic fields change sinusoidally versus time and periodically in the z-direction with the period length 2L. Therefore, derivations could be replaced as following:
where ω is the angular frequency in rad/s.
The solutions versus radius, r are as follows:
where 
Parameter J m in (8) for coils region for single-coil excitation and two antiserially connected coils could be calculated as follows, respectively,
where N and I are the number of turns per coil and current, respectively. Struve function L 1 is complicated for calculation and shows instability. An approximation is used to replace Struve function, L 1 with a simpler one. It is assumed that the current density change is directly proportional or inversely proportional with the radius and it is not constant in the coil cross section. Therefore, solutions of (4) for magnetic vector potentials, A ϕ,3 , are as following for linear current change and inversely current change with radius, respectively, 1 r
IV. EXPERIMENTAL AND SIMULATION RESULTS Fig. 2 and Table I show the experimental setup for eddy current linear speed sensor and parameters. The axial length of the iron rod is considered large enough to decrease end effects caused by the finite length of the iron rod. The number of turns per coil, N is 47. Figs. 3 and 4 show the magnetic flux distribution in models A and B at dc current and iron rod speed 0 and 5 m/s, which are calculated by the analytical method. The effect of speed on the flux distribution could be more distinguished in the iron rod region and in the air region end parts. The induced eddy current due to the iron rod speed causes unsymmetrical magnetic flux distribution. Self-inductance, L S and mutual inductance, L M could be calculated as follows [11] :
where is the total average flux linkage or mutual flux linkage over coils cross-sectional area. The integration is applied on each coil volume. Table II gives the experimental and analytical results for self-inductance and mutual inductance between the adjacent coils at zero speed, which present appropriate precision for the analytical method. The self-inductance has only inductive component in Table II and the mutual inductance has inductive and resistive components, where the resistive component is caused by induced eddy currents in the iron rod. Eddy currents are only generated in the regions where the excitation field has a radial component. oscilloscope for a time range. The analytical induced voltages coincide well with the experimental results, which show the accuracy of the proposed analytical method. The acceleration effects are neglected in the analytical modeling and only pure inductive effects are considered. The sign of speed could not be observed from the amplitude of induced voltage but it could be computed by relative phase angle to excitation current. The comparison between the estimated speed and the measured speed (Fig. 6) is shown in Fig. 7 , which presents an appropriate accuracy. The induced voltage amplitude-speed ratio, 150 μV/ (m/s) is used to convert induced voltages to the speed. The estimated speed results could be obtained using voltage peaks or voltage rms or rectified dc value in each half period.
V. CONCLUSION A translational speed sensor for an axisymmetric moving part was presented. Analytical model results coincide well with FEM results and experimental results. The analytical model could be used for speed sensor optimization. Inductances of excitation coils linearly change with the speed at dc currents and low frequencies in model B, which could be used as a speed meter. Pickup coils voltage versus speed is a linear curve. The presented speed sensor could be used for linear machines and pneumatic and hydraulic cylinders.
